Smolich JJ, Penny DJ, Mynard JP. Enhanced central and conduit pulmonary arterial reservoir function offsets reduced ductal systolic outflow during constriction of the fetal ductus arteriosus. Am J Physiol Regul Integr Comp Physiol 302: R175-R183, 2012. First published October 12, 2011 doi:10.1152/ajpregu.00459.2011.-Constriction of the fetal ductus arteriosus (DA) has disparate effects on mean and phasic hemodynamics, as mean DA blood flow is preserved until constriction is severe, but DA systolic and diastolic blood velocities change with only mild constriction. To determine the basis of this disparity and its physiological significance, seven anesthetized lategestation fetal sheep were instrumented with pulmonary trunk (PT), DA, and left pulmonary artery (PA) micromanometer catheters and transit-time flow probes. Blood flow profile and wave intensity analyses were performed at baseline and during mild, moderate, and severe DA constriction (defined as pulmonary-aortic mean pressure differences of 4, 8, and 14 mmHg, respectively), produced with an adjustable snare. With DA constriction, mean DA flow was initially maintained but decreased with severe constriction (P Ͻ 0.05) in conjunction with a reduction (P Ͻ 0.05) in PT flow (i.e., right ventricular output). By contrast, DA systolic flow fell progressively during DA constriction (P Ͻ 0.001), due to decreased transmission of both early and midsystolic proximal flow-enhancing forward-running compression waves into the DA. However, DA constriction was also accompanied by greater systolic storage of blood in the PT and main PA (P Ͻ 0.025), and increased retrograde diastolic flow from compliant major branch PA (P Ͻ 0.001). Transductal discharge of these central and conduit PA blood reservoirs in diastole offset systolic DA flow reductions. These data suggest that, during DA constriction in the fetus, enhanced central and conduit PA reservoir function constitutes an important compensatory mechanism that contributes to preservation of mean DA flow via a systolic-to-diastolic redistribution of phasic DA flow.
PRESENT, WIDELY ACCEPTED CONCEPTS about pulmonary trunk (PT), ductus arteriosus (DA), and pulmonary arterial (PA) flow interactions in the fetus have principally been founded on the distribution pattern of mean blood flows. Thus, on the basis of techniques such as radiolabeled microspheres or Doppler echocardiography, which indicate that only 10 -40% of right ventricular (RV) output ejected into the PT passes into the fetal lungs (4, 23, 33, 34, 47, 49) , it has long been considered that this output mainly bypasses the high-resistance pulmonary vasculature and instead preferentially flows across the widely patent DA to the lower-resistance placental and lower fetal body circulations (11, 36) .
Recent work from our laboratory using a combination of 1) direct comparison of phasic blood flow profiles; 2) wave intensity (WI) analysis, a time domain approach for characterizing the forward-and backward-running energy waves that accompany phasic changes in pressure and flow/velocity waveforms (28) ; and 3) computer modeling has suggested, however, that flow dynamics in the fetal PT-DA-PA region are not fully characterized by assessment of mean blood flows alone (44) . Thus, despite mean PA flow comprising Ͻ 20% of RV output in the baseline fetal state, the impulsive component of PT flow related to an initial systolic forward-running compression wave (FCW is ) was preferentially transmitted into the major PA rather than the DA, as characteristic impedance was higher in the DA (44) . Indeed, predominant DA flow only emerged in midsystole when a large flow-reducing PA backward-running compression wave (BCW ms ) was transmitted into the DA as a midsystolic forward-running compression wave (FCW ms ) that increased DA flow. Furthermore, substantial DA forward flow occurred in diastole due to transductal discharge of blood stored during systole in a compliant PT-PA reservoir, supplemented at the time of pulmonary valve closure by a transient retrograde PA flow peak arising from a PA late-systolic forward-running expansion wave (FEW ls ) generated by the RV (44) .
The findings that the initial phasic distribution of RV output is preferentially directed into the PA and that PT-PA reservoir function substantially influences DA blood flow patterns have potentially important implications for dynamic mechanisms underlying a number of pathophysiological conditions affecting the fetal pulmonary-ductal region. Of prime interest is DA constriction, which can occur spontaneously (50) or more commonly after exposure of the fetus to prostaglandin inhibitors such as indomethacin (7-9, 19, 25) or acetylsalicylic acid (12) , and which has been implicated in the pathogenesis of persistent pulmonary hypertension of the newborn (6) . DA constriction in the fetus increases PT and PA pressures (12, 19) and the aortopulmonary mean blood pressure difference (5, 8, 9, 12, 13, 19) . Somewhat surprisingly, mean DA flow appears to be preserved until the occurrence of marked elevations in this pressure difference (5, 9) , even though increases in Doppler-echocardiographic DA diastolic velocity relative to peak systolic velocity occur with only mild degrees of DA constriction (14) . The basis for this disparity and its physiological significance is unresolved, although one clear possibility is that alterations in phasic DA flow patterns serve to dampen reductions in mean DA flow. However, little is known about the precise nature of these alterations and their evolution during DA constriction or their relationship to any accompanying changes in either PT-DA-PA phasic flow interactions or PT-PA reservoir function.
This study, which was performed in anesthetized late-gestation fetal lambs during steady-state, incremental DA constriction produced with an adjustable snare, had three main aims. The first was to directly compare changes in PT, DA, and PA blood flow profiles induced by DA constriction in systole and diastole. The second was to examine associated alterations in PT-DA-PA systolic interactions via evaluation of WI interrelationships and their associated flow effects. The third was to quantify changes in PT-PA reservoir function and determine their contribution to changes in DA flow patterns.
MATERIALS AND METHODS
Experiments were approved by the Animal Ethics Committee of the Murdoch Childrens Research Institute, and conformed to guidelines of the National Health and Medical Research Council of Australia.
Surgical preparation. The preparation was similar to that described previously (42, 44) . Briefly, seven pregnant Border-Leicester cross ewes were anesthetized at a gestation of 140 Ϯ 1 days (mean Ϯ SD, term ϭ 147 days) with intramuscular ketamine (5 mg/kg) and xylazine (0.1 mg/kg), followed by inhalation of isoflurane (5%). After tracheal intubation, anesthesia was maintained with 2-3% isoflurane and nitrous oxide (10 -20%) in oxygen-enriched air delivered via a volume-controlled ventilator (900C Servo; Siemens-Elema, Solna, Sweden), supplemented by intravenous infusion of ketamine (1-1.5 mg·kg Ϫ1 ·h Ϫ1 ), midazolam (0.1-0.15 mg·kg Ϫ1 ·h Ϫ1 ), and fentanyl (2-2.5 mg·kg Ϫ1 ·h Ϫ1 ). Oxygen saturation was monitored continuously with a pulse-oximetry sensor applied to the ear. The right common carotid artery was cannulated for monitoring of blood pressure and sampling for blood gas analysis (ABL 620; Radiometer, Copenhagen, Denmark), with ventilation adjusted to maintain arterial O 2 tension at 100 -120 mmHg and arterial CO 2 tension at 35-40 mmHg.
After a midline laparotomy, the fetal head was exteriorized through a hysterotomy and placed into a surgical glove filled with warm saline to prevent loss of lung liquid. A cannula was inserted into the left external jugular vein for fluid administration, while a vascular sheath was passed via the left common carotid artery into the distal part of the aortic trunk (AoT) for pressure measurement and blood sampling. A 2.5 French micromanometer catheter (Millar Instruments, Houston, TX) was subsequently passed via this sheath into the AoT in a subgroup of six fetuses to obtain a high-fidelity pressure recording. The left forelimb and upper thorax were exteriorized, a thoracotomy was performed in the 3rd left interspace, and the pericardium was incised over the PT, DA, and left PA. Following careful perivascular dissection, loose-fitting, transit-time flow probes (Transonic Systems, Ithaca, NY) were placed around the PT (12-14 mm A series), origin of the left PA (4 -6 mm S series), and DA (8 -10 mm A series). In all fetuses, the DA was encircled distal to the flow probe with an adjustable snare made from polyvinyl tubing (OD 1.5 mm). A fluidfilled catheter was inserted through a purse-string suture into the PT to measure pressure. Through separate purse string sutures, one 2.5 French micromanometer catheter (Millar Instruments) was introduced into the PT immediately beyond the PT flow probe, a second was placed into the distal part of the PT and passed into the proximal portion of the DA, while a third was inserted into the PT close to the base of the main PA, and its tip advanced into the origin of the left PA (Fig. 1) .
Experimental protocol. After completion of surgery, the thoracotomy was left open, and hemodynamics were allowed to stabilize for 10 -15 min. The degree of DA constriction was assessed from the PT-AoT mean pressure difference (5, 9, 12) , which displays a good correlation with DA cross-sectional area (8, 13) . At baseline, an AoT blood sample was withdrawn for gas analysis, hemodynamics were recorded, and the PT-AoT mean pressure difference (typically 1-2 mmHg) was noted. The DA snare was then tightened to increase this pressure difference to ϳ4 mmHg (defined as mild DA constriction). Once steady-state hemodynamics had been attained, 15-to 20-s blocks of data were recorded 1 and 5 min later, with an AoT sample taken for blood gas analysis just before the 5-min recording. Hemodynamic measurements and AoT blood sampling were repeated after two further tightenings of the DA snare, which produced PT-AoT mean pressure differences of ϳ8 mmHg (moderate DA constriction) and ϳ14 mmHg (severe DA constriction). At the end of the study, animals were killed with an overdose of pentobarbital sodium (100 mg/kg), and the left and right lungs were weighed. Physiological data. AoT and PT fluid-filled catheter blood pressures were measured with transducers referenced to atmospheric pressure at the level of the left atrium and calibrated against a water manometer before each study. Signals from fluid-filled and micromanometer catheters, as well as flow probes, were digitized at a sampling rate of 1 kHz using programmable acquisition and analysis software (Spike2; Cambridge Electronic Design, Cambridge, UK). No data filtering was employed, apart from a 48-Hz low-pass filter at the time of analysis to remove electrical interference from signals.
To calibrate high-fidelity pressure signals, mean AoT and PT micromanometer pressures were matched to the mean pressure of the appropriate fluid-filled catheter. The late-diastolic portions of DA and left PA micromanometer waveforms were then matched to the corresponding segment of the PT micromanometer pressure. Zero offset calibrations of all flow probes were performed just prior to their implantation by using a water bath. These calibrations have been shown to be maintained in situ for DA and left PA probes in our experimental preparation (44) . To ensure that PT, DA, and PA flows were internally consistent, RV output was derived in each fetus as the sum of mean DA flow and the combined left and right PA flow (obtained as the product of left PA flow and the total-to-left lung weight ratio), and the measured mean PT flow was then scaled to match this calculated RV output (44) . All subsequent hemodynamic and WI analyses were performed with this adjusted PT flow, using ensemble-averaged signals generated from 41 Ϯ 12 beats.
PT, DA, and PA blood flow measurements comprised 1) mean flow, 2) systolic flow, and 3) diastolic flow. As the diastolic offset of both DA and PA flows changed during DA constriction, the timing of the PT flow profile was used to define systolic and diastolic flow components at all sites, with systolic flow measured from the start of the PT systolic upstroke to the point where this flow returned to zero, and diastolic flow constituting the remainder of flow during the cardiac cycle. Note that 1) diastolic flow included the transient negative flow peak occurring around the time of pulmonary valve closure, which was previously measured as a separate protodiastolic component (44); and 2) raw systolic and diastolic flow values were multiplied by the quotient of flow duration and cardiac cycle length, so that their sum was equal to mean flow. To permit a direct comparison with PT and DA flows, reported PA flows refer to the calculated combined left and right PA flow values. To assess relative changes in the degree of excursion of the DA flow signal during DA constriction, a pulsatility index was calculated as the maximum-to-minimum flow difference divided by mean flow (10) .
Blood flow stored in the central PT and main PA reservoir was defined as that portion of PT flow that did not cross the DA or enter left and right PA during systole and was calculated as the difference between mean PT flow and the sum of the DA and PA systolic flows. Note that mean, rather than systolic PT flow was used in this calculation as inclusion of the diastolic PT flow component provided a measure of any net reservoir PT flow arising from between the pulmonary valve and PT flow probe, which might be expected to increase with the PT dilatation that accompanies DA constriction (24) . The net reservoir flow arising from left and right conduit PA and discharging across the DA was assumed to be equivalent to the absolute value of PA diastolic flow. The sum of the central and conduit PA reservoir discharge was therefore equal to DA diastolic flow.
WI analysis. WI analysis was performed as previously described (29, (42) (43) (44) (45) (46) . Briefly, after conversion of blood flow to velocity (U) using cross-sectional area derived from caliper measurement of vessel diameters, the rates of change of PT, DA, and left PA blood pressure (dP/dt) and velocity (dU/dt), and the product of these differentials (i.e., time-corrected net WI), were calculated. Net WI was then separated into forward and backward components after calculation of wave speed with the PU loop method (18) . As per convention, forward-running waves propagated away from the ventricle and backward-running waves arose from the vasculature, while compression Fig. 2 . Changes in fetal pulmonary (PT) and aortic trunk (AoT) pressures, and the PT-AoT pressure difference (A), the PT, ductus arteriosus (DA) and pulmonary arterial (PA) flow profiles (B), and the difference between PT inflow and the sum of the DA and PA outflows (C) at baseline and during mild, moderate, and severe ductal constriction. Note that C, which approximates cyclical changes in the central PT and main PA blood reservoir, is positive in systole and negative in diastole.
waves increased pressure and expansion waves decreased pressure (28) . The WI of forward-running (WI ϩ) and backward-running waves (WI Ϫ) was calculated as WIϮ ϭ (dPϮ /dt)(dUϮ/dt), where P and U differentials associated with these waves were given by dP Ϯ/dt ϭ 1/2 (dP/dt Ϯ c·dU/dt) and dUϮ/dt ϭ 1/2 (dU/dt Ϯ 1/c·dP/dt), respectively. The forward and backward components of pressure (P Ϯ) and velocity (U Ϯ) were obtained by integrating appropriate P or U differentials (26) . Wave size was quantified with the cumulative intensity (CI), calculated as the integral of WI Ϯ over wave duration. The U change related to each wave (i.e., ⌬U) was obtained as the difference in U Ϯ measured between the start and end of the wave. To evaluate the flow effect of waves, ⌬U was converted back to a flow value (i.e., ⌬Q) via multiplication by vessel cross-sectional area, with left PA ⌬Q then multiplied by the total-to-left lung weight ratio to obtain the combined left and right PA ⌬Q (44) .
Statistical analysis. Experimental data were analyzed using IBM SPSS Statistics 19, with preceding logarithmic transformation performed where data were nonnormally distributed. As the patterns of change in hemodynamic and WI data were not different 1 and 5 min after DA constriction, data from these time points were pooled into a single dataset prior to analysis. DA, PT, and PA hemodynamics and WI data were analyzed using repeated-measures ANOVA, and specific comparisons were evaluated by partitioning the within-animal sums of squares into individual degrees of freedom. Results are expressed as means Ϯ SD and significance was taken at P Ͻ 0.05.
RESULTS
Blood gases and hemodynamics. Blood gas variables did not change during DA constriction, apart from a small increase in hemoglobin and, with severe constriction, minor reductions in pH, hemoglobin O 2 saturation, and PO 2 ( Table 1) .
Systolic PT blood pressure rose stepwise with DA constriction, mean PT pressure with moderate and severe constriction, but PT diastolic pressure only with severe constriction. Moreover, as DA constriction was also associated with a progressive reduction in AoT pressures, increases in PT-AoT differences were greatest for systolic, intermediate for mean, and least for diastolic pressure (Fig. 2A, Table 2 ).
During DA constriction, mean PA flow was unchanged, while mean PT and DA flows were initially maintained, but fell by 12% and 18%, respectively, with severe constriction (Table 3) . As a result, the proportion of mean PT flow distributed into the PA tended to increase between baseline (14 Ϯ 15%) and severe constriction (20 Ϯ 12%, P ϭ 0.06). By contrast, changes in PA and DA phasic flows between baseline and severe DA constriction were more striking (Fig. 2B, Table 3 ). Thus, while PA systolic flow increased by 35%, this was largely offset by near doubling of a negative PA diastolic flow. On the other hand, DA systolic flow fell by 43%, but DA diastolic flow rose by 80%, so that the proportion of DA flow occurring in diastole increased progressively from 22% to 46% (Fig. 3A) . In conjunction with this systolic-to-diastolic redistribution of phasic DA flow, the DA pulsatility index fell from 3.0 to 1.2 between baseline and severe DA constriction (Fig. 3B ). The instantaneous difference between PT flow and the sum of the DA and PA flows, which approximates to the cyclical storage and discharge of the central PT and main PA reservoir, was positive in systole and negative in diastole (Fig. 2C) . The contributions of the central (75 ml/min) and conduit PA reservoir (72 ml/min) to DA diastolic flow were similar at baseline, and both increased ϳ80% after severe DA constriction (central to 133 ml/min, PA to 132 ml/min). However, while DA diastolic flow rose with both mild and moderate DA constriction, it did not increase further with severe constriction (Fig. 4) .
Wave intensity analysis. Between baseline and severe DA constriction, FCW is CI was unchanged in the PT, but increased by 32% in the PA and decreased by 69% in the DA, so that the PA-to-PT FCW is CI ratio rose 26%, while the DA-to-PT FCW is CI ratio fell 71%. On the other hand, as FCW ms CI increased 4.4-fold in the PT and 10-fold in the PA, but was unaltered in the DA, the PA-to-PT FCW ms CI ratio rose 147%, while the DA-to-PT FCW ms CI ratio fell 81%. During DA constriction, BCW ms CI increased at all sites, with commensurate rises in the BCW ms -to-FCW is CI ratios. These changes were associated with a 54% rise in the PT-to-PA BCW ms CI ratio but a 45% fall in the DA FCW ms -to-PA BCW ms CI ratio. Furthermore, FEW ls CI rose in the PT and PA, but fell by 42% in the DA (Table 4 ). The pattern of changes in ⌬Q related to waves was similar to that of CI except that, whereas DA FCW ms CI was unchanged, DA FCW ms ⌬Q fell by 43% (Table 5) .
DISCUSSION
This study has confirmed the finding that, during DA constriction, mean DA blood flow is preserved until constriction is severe (5, 9). Furthermore, in accord with the report that changes in systolic and diastolic blood velocity profiles on Doppler echocardiography are an early feature of DA constriction (14) , alterations in DA phasic flow patterns were evident with mild DA constriction and became more marked with greater degrees of DA constriction. These altered phasic DA flow patterns, which consisted of a reduction in DA systolic flow but an increase in DA diastolic flow, contributed to a preservation of mean DA flow via a systolic-to-diastolic flow redistribution, and were underpinned by changes in both systolic PT-DA-PA interactions and PT-PA reservoir function.
Use of WI analysis in our study indicated that reductions in DA systolic flow during DA constriction had both early and midsystolic components. The early systolic fall in DA blood flow was temporally related to a marked drop in transmission of the PT FCW is into the DA, with both DA FCW is CI and ⌬Q, and their corresponding DA-to-PT ratios, decreasing progressively with each increment in DA constriction (Tables 4 and 5) . Correspondingly, the midsystolic fall in DA blood flow was due to a substantial decrease in the DA FCW ms ⌬Q (Table 5) , even though the magnitude of DA FCW ms CI was unchanged (Table 4) . Importantly, however, DA FCW ms CI was reduced relative to its source waves. Thus, on present evidence, the DA FCW ms appears to have a dual origin, with one portion arising directly from antegrade transmission of the PA BCW ms into the DA as a FCW ms and another portion originating indirectly via retrograde transmission of the PA BCW ms into the PT as a BCW ms , followed by reflection of this wave at the RV-PT interface as a FCW ms (44) . The marked falls in DA FCW msto-PA BCW ms CI and ⌬Q ratios during DA constriction suggested a reduction in the direct contribution, while the decrement in the DA FCW ms -to-PT FCW ms CI and ⌬Q ratios was commensurate with a decrease in the indirect component (Tables 4 and 5).
In accord with clinical (21, 22) and experimental observations (38) , DA flow was positive in diastole under baseline conditions. As such, positive flow is related to transductal discharge of a PT-PA reservoir filled in systole (44) , the augmentation of DA diastolic flow observed during DA constriction was consistent with an increased prominence of this reservoir effect. The location of a flow probe at the origin of the left PA provided a ready means of partitioning the PT-PA reservoir into central (i.e., PT and main PA) and conduit PA compartments, representing stored blood volume located proximal and distal to this flow probe, respectively. The rise in central reservoir discharge was attributable to an increase in the proportion of RV outflow that did not cross the DA and/or enter the left and right PA in systole (and hence was transiently stored in the PT and main PA). Comparison of mean PT flow with the sum of the DA and PA systolic flows (Table 3) suggested that this proportion was 9% at baseline but 19% with severe DA constriction. The enhanced conduit PA reservoir discharge resulted from a greater volume of blood entering the left and right PA and their branches during systole, with a larger proportion of this blood then flowing back toward the PT-DA region in diastole. Comparison of the magnitudes of the PA systolic and diastolic flows (Table 3) suggested that this proportion was 36% at baseline and 49% with severe DA constriction. The increased conduit PA reservoir discharge during DA constriction also resulted, in part, from altered transmission of the PT FEW ls into the PA and DA, as the magnitude of PA FEW ls ⌬Q rose, but that of DA FEW ls ⌬Q fell ( Table 5 ). Given that the flow effect of the PA FEW ls mainly acts to augment DA flow, thereby counteracting the flow-reducing action of the DA FEW ls (44) , both of these changes served to promote forward DA flow.
One important and direct consequence of enhanced central and conduit PA reservoir function during DA constriction was a progressive shift of DA flow from systole to diastole, with almost half of DA flow occurring in diastole during severe constriction. This shift offset reductions in DA systolic flow, and thus preserved mean DA flow while PT flow (i.e., RV output) was maintained during mild and moderate DA constriction. However, although still present, this mechanism was no longer able to maintain mean DA flow once RV output fell with severe DA constriction. This combination of decreased DA systolic flow and increased diastolic flow during DA constriction additionally underpinned the fall in the DA pulsatility index, a phenomenon that has also been observed in clinical Doppler-echocardiography studies (32, 51) .
Even though PA diastolic flow became progressively more negative during DA constriction, mean PA flow was unaltered, due to a parallel increase in PA systolic flow. WI analysis indicated that this increase was supported by both early and midsystolic changes. As evident in the rise of PA FCW is CI and ⌬Q, and the associated PA-to-PT ratios (Tables 4 and 5) , the early systolic increase in PA flow was due to increased transmission of the PT FCW is into the PA. The midsystolic rise in PA flow during DA constriction primarily emanated from a larger PA FCW ms that was produced by two main factors. The first was an augmentation of PT FCW ms , the main source wave for PA FCW ms . As the PT FCW ms appears to principally arise as a reflection of the PT BCW ms at the RV-PT interface (44), its greater size was therefore, in part, related to an increase in PT BCW ms during DA constriction. The latter, in turn, resulted from a combination of a larger PA FCW is generating a larger PA BCW ms (43) and, as indicated by rises in the PT-to-PA BCW ms CI and ⌬Q ratios (Tables 4 and 5 ), a greater transmission of this BCW ms into the PT. The second factor contributing to a rise in the magnitude of PA FCW ms and its corresponding greater ⌬Q effects was that transmission of PT FCW ms into the PA also increased during DA constriction, as the PA-to-PT FCW ms CI and ⌬Q ratios rose (Tables 4 and 5 ). Three methodological issues require comment. First, to permit hemodynamic and WI analyses within the DA, a discrete constriction was applied with a snare on the distal part of this vessel, just beyond the DA micromanometer and flow probe. This approach therefore differed from the more widespread DA constriction produced by either a balloon cuff (1, 27, 48) or pharmacological inhibition of prostaglandin synthesis (7-9, 12, 19) . However, as the pattern of change in DA systolic and diastolic velocities is similar, whether DA constriction is produced by a snare (14) or inhibition of prostaglandin synthesis (32, 51) , flow changes are also likely to be comparable.
Second, while mean PA blood flow did not change significantly during DA constriction in the present study, previous studies of DA constriction in chronically instrumented fetal lambs, where absolute fetal PA flow was measured with a flow probe, have reported an increased PA flow (1, 27, 48 ). However, studies in chronically instrumented fetal lambs have frequently assumed that PA flow is zero at end diastole (1, 2, 17, 48) , with adjustment of mean PA flow by a correction factor equal to the difference between the internal zero calibration of the flowmeter and the measured end-diastolic flow (15, 16) . Our data suggest that this method is not reliable in the fetus, due to the presence of a negative PA flow offset in diastole, a phenomenon that is also frequently observed in chronically instrumented fetal lambs (3, 30, 35, 38 ). An assumption of zero PA flow at end diastole would therefore overestimate baseline mean PA flow by the magnitude of any negative PA flow offset. More importantly, this overestimation would become more pronounced with any increase in the negative PA flow offset resulting from DA constriction. Indeed, if a zero-offset, end-diastolic flow correction was to be applied to our data, then the combined left and right PA mean blood flow would increase progressively from 146 Ϯ 63 ml/min at baseline to 160 Ϯ 30 ml/min with mild, 189 Ϯ 53 ml/min with moderate, and 205 Ϯ 45 ml/min with severe DA constriction (P Ͻ 0.005).
Finally, due to the extent of the instrumentation required for physiological measurements, it was necessary to perform experiments under general anesthesia and with the fetus partially exteriorized and acutely instrumented. However, as noted previously (42) (43) (44) (45) (46) , baseline blood gas and pressure data, and the morphology of PA and DA blood flow profiles in our experimental preparation were comparable to those of unanesthetized, chronically instrumented late-gestation fetal lambs (3, 4, 20, 27, 30, 31, 35-38, 40, 41, 47, 49) . Furthermore, specific aspects of blood pressure and blood gas changes observed during DA constriction in the present study have also been reported in chronically instrumented fetuses, including a pre- dominant increase in PT systolic blood pressure (8), a decrease in aortic blood pressure (1) , and a slight deterioration in aortic blood gas status (7) . Additionally, in the context of the type of PT-DA-PA flow interactions examined in the present study, any potential adverse effects of general anesthesia and acute surgical preparation on hemodynamic or WI profiles were outweighed by the ability to perform a zero calibration of all flow probes immediately before the experimental protocol, a step that is not feasible in chronically instrumented fetuses. Nonetheless, we cannot exclude the possibility that dissection around major vessels and subsequent placement of flow probes around the PT, DA, and left PA, as well as insertion of associated micromanometers, may have altered blood pressure and flow profiles, and wave transmission characteristics, although the magnitude of any such effect is likely to be quite minor.
Perspectives and Significance
The fetal DA is a very reactive vascular segment with its tone (and thus caliber) influenced by numerous factors, including blood oxygen tension, circulating humoral substances, paracrine signaling, and neural activity (39) . The results of this study have suggested a physiological mechanism, namely enhanced central and conduit PA reservoir function leading to a redistribution of phasic DA flow from systole to diastole, whereby mean DA flow can be preserved during a reduction in luminal dimensions produced by mechanical DA constriction. These findings imply that alterations in the balance between DA systolic and diastolic flow components in the fetus may subserve a homeostatic function by enabling maintenance of mean DA flow during variations in DA caliber.
